Group A rotaviruses cause diarrhea in young livestock and poultry; consequently, vaccination strategies have focused on induction of active or passive immunity. Gnotobiotic pigs and calves serve as useful models to evaluate induction of active immunity by candidate animal or human rotavirus vaccines. However, live attenuated rotavirus vaccines lacked efficacy when administered orally to calves and pigs in the field, presumably because colostral antibodies inhibited vaccine virus replication. The widespread occurrence of rotavirus antibodies in colostrum led to strategies for maternal rotavirus vaccination to boost lactogenic immunity and transfer passive antibodies to the neonate via colostrum and milk. The variable success of maternal rotavirus vaccines in the field is influenced by vaccine dose, strain, inactivating agent, adjuvant, route of administration, and environmental rotavirus exposure levels. The use of genetically engineered rotavirus-like particle vaccines in cows to boost antibodies in mammary secretions shows promise. Such subunit vaccines possess potential advantages over existing vaccines.
In 1969, bovine rotavirus (BRV) was the first group A rotavirus to be isolated in cell culture, characterized, and confirmed as a cause of diarrhea in calves [1, 2] . Subsequent studies documented the widespread prevalence of group A rotavirus infections in young animals, including calves and pigs, and their association with the diarrhea disease complex in animals < 1 month of age [3 -7] . The enteropathogenicity of rotavirus field strains was confirmed in experimental studies using gnotobiotic pigs and calves [2, 7, 8] . It is now recognized that group A rotaviruses from all animals, including humans, share common group A antigens that define the rotavirus serogroup [4, 7] . Serotypes of group A rotavirus are determined by a dual typing system based on the outer capsid proteins VP7 (G type) and VP4 (P type), which induce neutralizing antibodies (NAs) [5] [6] [7] . Although it is unresolved whether animal rotaviruses are transmissible to humans, and vice versa, certain group A rotavirus serotypes are shared among humans, cattle, and swine [7] , and these common serotypes may occur more frequently in regions where there is a close association between humans and animals [9, 10] . Furthermore, human group A rotaviruses are transmissible to and cause disease in gnotobiotic pigs and calves, which serve as important models in which to evaluate candidate human rotavirus (HRV) vaccines and protective immunity [11] .
A current vaccination approach for prevention of rota virus infections in calves and pigs relies on passive immunization [2, Financial support: National Research Initiative Competitive Grants Program, Cooperative Research Extension and Education Service, US Department of Agriculture (93-37204-9201); Texas Applied Technology Program (004949-029); NIH (AI-33561 and AI-37111 for gnotobiotic pig vaccine studies); WHO (GPVN27/181/24).
Reprints or correspondence: Dr. Linda J. Saif, Food Animal Health Research Program, OARDC/The Ohio State University, Wooster, OH 44691. 7, [12] [13] [14] [15] [16] [17] [18] [19] . However, species differences in transfer of passive immunity influence vaccination strategies and results (reviewed by Saif and Jackwood [14] ). Unlike human infants, ungulates (pigs and calves) are born agammaglobulinemic and acquire immunoglobulins in the blood solely via ingestion of colostrum for up to .......,48 h after birth. The predominance of serum-derived IgG in the colostrum of these species results in the postpartum transfer of mainly IgG antibodies into the serum, equivalent to the transplacental transfer of IgG to the fetus in rodents, primates, and rabbits. However, rodents differ from the latter 2 species in that they continue to absorb IgG from the intestine via colostrum and milk for up to . . . . . . . , 3 weeks after birth. It is conceivable that the tubulovascuolar system for the prolonged uptake of immunoglobulins in mice might also permit the nonspecific uptake of rotaviruses in mice [8] and thus explain their susceptibility to infection with heterologous rotaviruses administered only in very high doses (> 10 6 pfu). In this regard, the maturation of this system by glucocorticoids decreased the susceptibility of suckling mice to EDIM rotavirus infection [20] .
Whereas in ruminants (cattle), serum-derived IgG 1 remains the predominant immunoglobulin in milk, in monogastrics (e.g., swine and humans), secretory (s) IgA is the primary immunoglobulin in milk [14] . Only a small portion of this sIgA is absorbed into the blood, its main function being provision of passive immunity to the mucosa. Moreover, in monogastrics, milk sIgA is produced locally in the mammary gland by plasma cells originating in the intestine (reviewed in [14] ). This mechanism ensures that neonates receive sIgA antibodies in milk against enteric pathogens endemic in the population. The significance of these species differences in regard to the design of vaccines for passive immunization will be addressed in subsequent sections.
In livestock, rotavirus infections are endemic, and in the young, the peak prevalence of rotavirus diarrhea occurs during the nursing period at 1-3 weeks of age [4] [5] [6] 8] . Similar to the asymptomatic rotavirus infections seen in human infants < 3 months of age [21] , many rotavirus infections of neonatal pigs and calves are mild or subclinical, presumably due to the rotavirus antibodies present in mammary secretions. Thus, under ideal circumstances, an animal becomes subclinically infected with rotavirus while under the protective influence of passive antibodies and develops active immunity (or is primed), which prevents subsequent severe disease. However, the balance between passive immunity and disease has been disrupted by many aspects of intensive animal production systems, including exposing animals to high doses of virus in confined, contaminated environments [22] ; providing animals with feed supplements at an early age, which dilutes milk antibodies; and weaning animals at an early age, which curtails milk intake. Concurrent with these factors is an overall decrease in antibody titers to rotavirus in milk during the lactation period [7, 12-14, 18, 19, 23] . Many of these same scenarios also influence passive immunity to rotavirus transferred via breast milk and enteric disease in human infants [22] . Thus, strategies for the prevention and control of rotavirus infections in animals have focused on passive immunization procedures to boost colostral and milk antibody titers to rotavirus in mothers and on management practices that promote immediate consumption of colostrum at birth and that improve sanitation to reduce environmental exposure levels to rotavirus. This review evaluates current animal rotavirus vaccines and potential new vaccine approaches.
BRV Vaccines
Background. Since their discovery in 1969, group A BRVs have remained a major cause of diarrhea in young calves worldwide, with most cases occurring in 1-to 3-week-old calves in the field [1, 3, 4] . At least 3 distinct G types (G6, G8, and G10) and P types (P[l], P [5] , and P[ll]) have been characterized in cattle [7] . The age and immune status of the animals, the virulence and dose of the BRV strain, the presence of other enteropathogens, and various management and environmental factors influence the severity of the disease. Although management practices may reduce the exposure of susceptible animals to BRV, the high concentrations ofBRV shed in feces, their longterm stability in the environment, and the low doses required for infectivity suggest that eradication of BRV from infected herds is unlikely, if not impossible [5, 6, 8] .
Oral vaccines to induce active immunity in calves. Calves are born agammaglobulinemic, and antibodies transferred in mammary secretions are absorbed into the blood for a limited time after birth (up to~48 h) and, thereafter, continue to function locally by providing passive immunity to the mucosa. Most adult cows are seropositive to BRV and transfer various degrees of passive immunity to their nursing offspring via mammary secretions [2, 13, [17] [18] [19] [22] [23] [24] [25] [26] [27] [28] . Because young calves are more severely affected by enteric viral infections, transfer of optimal passive immunity plays a vital role in their protection.
Passive immunity to BRV, which infects the villous enterocytes, is associated with the frequent ingestion of colostrum and milk, which contain high levels of specific antibodies [2, 16, 17] . Parenterally absorbed antibodies, unless present in very high titers, appear to be of lesser value than local colostral and milk antibodies in protecting the enterocytes [2, 16, 19] . However, studies in calves have suggested that colostrally absorbed IgG 1 antibodies are transudated from the serum back into the intestine [29] and thus may complement the role of milk antibodies in passive immunity to BRV [13, 19] . Whether a similar transfer of antibodies from the serum to the intestine occurs in other species is unknown. Hence, maximal passive immunity against enteric viral infections in calves under field conditions may involve the presence in the gut of both local colostrum and milk and colostrally derived serum antibodies.
Because infection by BRV is localized to the small intestine of young calves, vaccine strategies have focused on methods to induce active or passive immunity in the intestine of susceptible animals [2, 12, 14, [16] [17] [18] [19] . The first rotavirus vaccines were developed and tested in cattle. Two vaccination strategies evolved to prevent BRV diarrhea in young calves. The first involved stimulation of active immunity by the oral administration oflive attenuated BRV to newborn calves [2, 27, 30] . This approach appeared to be successful in experimental studies using gnotobiotic calves and in some field trials [2, 14, 30] ; however, its efficacy in double-blind field trials or as reported from surveys of rotavirus diarrhea in vaccinated calves was poor [25, 27, 31] . Although a lack of cross-protection due to infection by different serotypes of BRV may occur, most investigators suggest that under field conditions, failure of the oral vaccine was mediated by interference by maternal antibodies [25, 27] . The widespread occurrence of these antibodies in cows and the degree of virus attenuation needed to ensure innocuousness of the live vaccine in neonates limit the feasibility of this approach. An additional problem is that neonates may be exposed to a virulent field strain of BRV before a protective immune response can be induced by the vaccine. The necessity to handle and vaccinate each calf shortly after birth also poses management problems in large beef herds.
Parenteral maternal rotavirus vaccines to induce passive immunity in calves. Failure of the oral vaccine prompted a passive immunization approach to prevent BRV disease in calves. Pregnant dams are vaccinated with BRV to increase titers of antibodies in colostrum and milk, thereby increasing transfer of those antibodies, via suckling, to neonates. The success of this approach is contingent upon the fact that BRV infections are endemic; hence, in normal colostrum, most cattle have naturally acquired antibodies to BRV (primarily IgG I) that are selectively transported from serum [18, 32, 33] . Although these colostral antibodies may be protective for a short time after birth, or longer if fed as undiluted supplements on a daily basis [17] , titers to such antibodies normally decline to low or undetectable levels in milk, rendering young calves susceptible to BRV diarrhea [2, 18, 27, 32] . Therefore, because the predominant BRV antibodies in colostrum and milk are serum-derived IgG 1, parenteral vaccination of cows represents a logical approach to boosting these antibody titers in mammary secretions and, thus, stimulating the prolonged secretion of high-titer antibodies in milk.
Experimental studies of maternal rotavirus vaccines in cattle. Attempts to significantly enhance antibody titers in mammary secretions by parenteral vaccination of cows with BRV vaccines have met with various degrees of success [13, 19, 23, 28] . In 1973, Mebus et al. [2] were the first to report increased serum antibody titers to BRV after vaccinating pregnant cows subcutaneously (sc) or intramuscularly (im) with a formalin-inactivated neonatal calf diarrhea virus (NCDV) BRV P[l], G6 vaccine. They further noted that in a field trial of the inactivated vaccine in 1 herd over a 3-year period, the prevalence of mortality and morbidity due to calf diarrhea was reduced compared with the prevalence before vaccination. Subsequently, Snodgrass et al. [33] detected enhanced antibody titers in mammary secretions of cows parenterally vaccinated with the inactivated UK strain of BRV P [5] , G6. However, in their studies, calves born to vaccinated dams were only partially protected against homotypic BRV challenge. Possible explanations for this lack of protection included high challenge dose of virus, milk antibody titers below the protective threshold, and destruction of critical antigens by formalin inactivation.
Saif and colleagues [13, 14, 18, 19, 23] confirmed and extended these earlier vaccination studies, describing optimal methods for vaccination of pregnant cows with NCDV BRV P [1] , G6 vaccines to enhance BRV antibody titers in mammary secretions and to provide passive immunity to suckling calves. They found that IgG 1 antibodies to BRV were predominant in mammary secretions of cows before and after vaccination, increasing at least 20-to 100-fold (compared with unvaccinated controls) in cows vaccinated im and intramammarily (imm) with modified live or binary ethylenimine (BEI)-inactivated BRV in incomplete Freund's adjuvant (IFA). Colostral antibody titers were also significantly increased (~10-fold) in cows im vaccinated with BEl-inactivated BRV in IFA. Passive protection studies were done in newborn unsuckled calves fed pooled colostrum supplements from the vaccinated cows [13, 17, 19, 23] . Complete protection against BRV diarrhea and infection during the experimental feeding period was achieved by feeding (20 mL, two times a day) 1% supplemental pooled colostrum from cows vaccinated im and imm with live BRV or from cows vaccinated im using BEl-inactivated BRV. Moreover, feeding 2 mL of the pooled 0.1 % colostrum three times a day resulted in partial protection (characterized by delayed onset and reduced diarrhea and decreased BRV shedding). These results demonstrated that high virus neutralization and IgG 1 BRV antibody titers in colostrum correlate with passive protection against challenge with homotypic (NCDV) BRV.
Feeding calves colostrum from cows immunized im with inactivated BRV vaccines containing Lincoln P[l], G6 and KK-3 (BRV serotype 2) strains protected the calves against subsequent challenge by both strains [34] . Others have reported similar results in evaluating passive immunity to BRV under experimental conditions [35, 36] (reviewed in [IS, 22] ).
Field trials of commercial maternal rotavirus vaccines in cattle. Various results have been reported from studies of the field efficacy of commercial BRV maternal vaccines. These findings may be complicated by a number of factors, including the overall field trial design (comparison of historical data or analysis of vaccinated and unvaccinated cows in the same herd), the low prevalence of morbidity due to diarrhea seen in some herds after introduction of rotavirus vaccines, and the presence of concurrent infections with other enteropathogens, such as Escherichia coli, cryptosporidia, and coronavirus. Saif and colleagues [17, 18] reported that a commercial live attenuated US BRV vaccine (P[l], G6) failed to significantly enhance BRV antibody titers in mammary secretions of vaccinated cows or to provide passive protection to experimentally challenged calves. Myers and Snodgrass [28] noted a similar lack of elevated serum, colostral, or milk antibody titers to BRV in cows vaccinated in the field with the same commercial BRV vaccine. Similarly, colostral antibody titers to BRV did not differ significantly between vaccinated and unvaccinated dams in a field trial of the same vaccine in dairy herds in Canada, nor was the vaccine effective in preventing calf diarrhea or mortality under the field trial conditions [37] . Results of experimental studies suggested that the lack of effective adjuvants and low BRV doses in the commercial vaccine contributed to vaccine failure [12] [13] [14] [15] [16] [17] [18] [19] .
Field trials were conducted in two studies using the inactivated UK BRV maternal vaccine [38, 39] . In one trial [38] , interpretation of results was confounded because of a low (< 10%) prevalence of morbidity in many vaccinated herds and concurrent diarrheal infections with cryptosporidia and rotavirus in other herds. In 2 herds (68 cows) without concurrent infections, the prevalence of diarrhea was significantly reduced in calves born to vaccinated cows. In a subsequent study of the UK BRV vaccine under farm conditions in a single herd, vaccination resulted in reduced BRV shedding and diarrhea in calves [39] . Because the BRV present on the farm was the same G type as the vaccine virus [39] , heterotypic protection could not be evaluated.
Efficacy (as demonstrated by a decreased morbidity and mortality due to diarrhea and a lessened severity of diarrhea) of inactivated G6 BR V vaccines was demonstrated in beef and dairy herds in two large field trials in Argentina. In the trials, disease was monitored in calves from vaccinated and unvaccinated cows and results were compared with historical data [40, 41] . In I trial herd, a progressive decrease in the prevalence of mortality and morbidity due to diarrhea was observed after 3 successive years of vaccination. Repetitive doses of BRV vaccine also reduced the amount and duration of viral shedding by calves in the field, effectively reducing the overall BRV exposure levels in the herd [41] . Of interest, however, calves born to BRV-vaccinated heifers (primiparous) continued to have a higher prevalence of morbidity due to BRV diarrhea than calves born to vaccinated multiparous cows (unpublished data). Thus, calves born to heifers may be a reservoir for BRV infections in a closed herd, and, therefore, more effective vaccination procedures, consisting of more frequent boosters or higher doses of vaccines, may be needed for heifers.
In other field trials, pregnant dairy cows were vaccinated sc with inactivated BRV vaccines in IFA, and their immune colostrum and the normal colostrum from unvaccinated cows were fed as daily supplements to experimentally or naturally BRV-exposed calves [36, 42] . Morbidity and mortality due to diarrhea were decreased in the immune colostrum -fed calves.
The impact of the introduction ofBRV vaccines on serotypic changes ofBRV has not been investigated. In the United States, G6 remains the predominant G type ofBRV in the field, despite the widespread use of a G6 BRV vaccine [7] . Recently, however, several genetic "subtypes" of G6 BRV, characterized by high amino acid sequence homology (89%-91%) but lower nucleotide sequence homology (82%-87%) have been identified from both vaccinated and unvaccinated herds (unpublished data). Whether use of the G6 BRV vaccine has influenced their emergence is unclear since historic BRV field samples collected before vaccine application are not available. In contrast, although the BRV vaccine P type is P[l], it is uncommon in the field, where instead, P [5] is the predominant P type [7] . Again, it is not known what influence the BRV vaccine might have on the emergence and prevalence of different P types in the field.
Heterotypic immunity induced by maternal rotavirus vaccines in cows and passive protection in heterologous species. Few investigators have studied heterotypic immunity following BRV maternal vaccination. Several investigators [14, 43, 44] demonstrated that cows vaccinated with 1 serotype of rotavirus developed increased serum NA titers to the immunizing strain and to other serotypes for which they had preexisting NA titers. Thus there was a broadening of the immune response after vaccination. However the role of such antibodies in passive protection of calves against heterotypic challenge is not clear. Recent investigations [45] [46] [47] describing the use of heterotypic virus-like particle (VLP) vaccines in cows to induce antibody responses to BRV in colostrum and to provide heterotypic passive protection are described in the following section.
The ability of maternal rotavirus vaccines to stimulate homotypic and heterotypic antibodies to rotavirus in colostrum of cows has been exploited for the passive treatment of children at high risk of severe or fatal rotavirus infections or of children who are in day care centers. In a preliminary trial, bovine colostral antibodies were prepared from cows immunized with HRV PIA [8] , GI and simian rotavirus SAIl P [2] , G3 and then fed daily to gnotobiotic pigs [48] . The immune colostrum feeding effectively reduced or eliminated both rotavirus shedding and diarrhea in a dose-dependent manner after challenge of the pigs with a virulent PlA [8] , Gl HRV. Similarly, feeding bovine colostral or milk preparations from hyperimmunized cows to children ameliorated rotavirus diarrhea or reduced virus excretion in some studies [49, 50] .
Genetically engineered rotavirus subunit vaccines. Recombinant viral multiprotein subunit vaccines (VLP vaccines) have been produced recently by use of the baculovirus expression system. Such particles, described initially by Roy et al. [51] for bluetongue virus and by Labbe et al. [52] for rotavirus, represent a new generation of noninfectious, stable, antigenically authentic, and highly immunogenic vaccines. Crawford et al. [53] described the production of triple-layered VLPs by the coexpression (using recombinant baculoviruses) of BRV and SAIl simian rotavirus inner (VP2 and VP6, respectively) and SAIl rotavirus outer (VP4 and VP7) capsid protein genes in insect cells (SA 11 VLP). Previous studies ofVLPs, including the ones produced from bluetongue virus, indicated that they are antigenically authentic and that the immune responses they induced in animals mimic those induced by intact virions [15, 45, 46, 51, 53] .
Recently, Saif et al. [45] and Fernandez et al. [46] showed that homotypic (SAIl, P [2] , G3) and heterotypic (IND BRV, P [5] , G6) NA and ELISA antibody titers to BRV in serum, colostrum, and milk of cows were significantly enhanced by the im plus imm administration of an SAIl P [2] , G3 VLP vaccine (100-250 mg in IFA) to pregnant cows. Furthermore, similar administration of rotavirus core-like particles (CLPs; VP2 and VP6) to pregnant cows also significantly elevated ELISA IgG 1 but not NA titers to BRV in serum and mammary secretions [46] . In colostrum of the VLP-vaccinated cows, the geometric mean NA titers to SA 11 rotavirus and IND BRV were at least 70-fold greater than in colostrum of control cows [45] . IgG 1 antibodies to BRV were the predominant isotype in mammary secretions of all cows, and in colostrum of VLPand CLP-vaccinated cows, the levels were at least 100-fold higher than those in control cows [46, 47] . Our preliminary results further suggest that the core and inner capsid rotavirus proteins (VP2 and VP6) can be used as "universal" carrier CLPs for assembly of outer capsid proteins from BRV, permitting generation of new VLP vaccines reflective of the BRV strains most prevalent in the cattle population (unpublished data).
To evaluate passive immunity, 8 newborn colostrum-deprived calves were fed 1% pooled colostrum supplements from the SAIl VLP-or CLP-vaccinated cows twice daily for 7 days and then challenged with IND BRV [47] . All calves fed VLPimmune colostrum were protected against diarrhea, and only 1 animal shed BRV transiently in feces. Calves fed CLP-immune colostrum were only partially protected against diarrhea, and all calves shed BRV in feces. These results demonstrate the efficacy of a P [2] , G3 VLP subunit vaccine for elevating NA titers to BRV in colostrum and show an association of increased titers with protective heterotypic passive immunity to BRV in calves. Greatly elevated IgG I colostral antibody titers in the absence of increased titers of NA (induced by a CLP vaccine) were associated with only partial passive protection in calves.
Thus, the VLP vaccines possess a number of important potential advantages over existing BRV vaccines, including exclusion of adventitious agents potentially present in live vaccines, the consistent presence of VP4 and VP7 expressed on particles in an authentic and immunogenic form (possibly altered or destroyed in inactivated vaccines), and the ability to modify BRV vaccines (by incorporation of new VP4 or VP7 types into VLP) to reflect serotypic changes in the field.
Porcine Rotavirus (PRV) Vaccines
Background. Initial reports of rotaviruses associated with diarrhea in pigs [54, 55] followed earlier studies implicating rotaviruses in similar outbreaks in calves and humans [1] [2] [3] [4] [5] [6] [7] . Clinical signs of infection in pigs include diarrhea, dehydration, anorexia, and depressed growth, but subclinical infections also occur [7, [55] [56] [57] [58] [59] . Group A rotaviruses are now recognized as a common cause of diarrhea in nursing pigs at 1-5 weeks of age (with peak prevalence at 1-3 weeks) and weaning pigs at 3-5 weeks of age and within 3 -5 days of weaning [7, [55] [56] [57] [58] . Intermittent or recurrent shedding of rotavirus may occur in nursing and weaned pigs [56, 57] . In addition, seropositive sows may shed rotavirus subclinically shortly before and after parturition [59] . Mortality due to rotavirus varies from 7%-20% in nursing pigs and 3%-50% in weaned pigs [7, 58] . Serologic data indicate that nearly 100% of adult swine are seropositive for antibodies to PRY [5, 7, 58] . Multiple rotavirus G serotypes (G3, G4, G5, and Gll) and P types (P [6] and P [7] ) have been detected and characterized in swine [5, 7, 60] . There is little or no cross-protection between PRYs with distinct G and P types [60] , whereas viruses that share common G or P types induce at least partial cross-protection in experimental studies in gnotobiotic pigs [61] .
Oral vaccines and active immunity in pigs. Like cattle, most adult sows are seropositive to rotavirus and transfer various amounts of rotavirus antibodies to the neonate via colostrum and milk. Pigs are also born agammaglobulinemic and absorb mainly IgG antibodies from colostrum into the blood for approximately the first 48 h after birth, resulting in a correlation between colostral rotavirus antibody titers and serum antibody titers in neonates [7, 13, 14, 62] .
At least two federally licensed PRY vaccines are available in the United States and are intended to stimulate active immunity and prevent rotavirus-associated diarrhea in weaning pigs. Little protection was afforded by a killed PRY vaccine administered im, ip, or orally to colostrum-deprived, 5-to 7-day-old pigs, presumably due to its failure to induce local intestinal immunity [63] . P [7] , G5, a live attenuated oral PRY vaccine analogous to The Ohio State University (OSU) strain, protected nursing and weaned pigs under experimental conditions [63, 64] and in gnotobiotic piglet studies [60] , but its efficacy in the field was questionable when tested by independent investigators [57, 65] . Likewise, the live attenuated NCDV BRV P[I], G6 commercial vaccine administered orally to nursing pigs failed to replicate or protect against experimental challenge with a PRY [66] . These findings differ from studies by Zissis et al. [67] , who reported that two im or im plus intragastric doses of the live attenuated BRV vaccine strain RIT 4237 (P[l], G6) induced seroconversion and partial protection against challenge with HRV s in colostrum-deprived piglets. It is probable that the dose and titer of the BRV vaccine used may have influenced its ability to replicate in the piglets. Although serotypic variability among PRVs and heterologous rotaviruses may also playa role in vaccine failures [7, 66] , in at least one field trial [57] it was not a factor because the field strain isolated from weaned diarrheic pigs belonged to the same serotype P [7] , G5 as the vaccine strain (unpublished data). As with the failure of the live oral NCDV BRV vaccine in field calves [17, 25, 27, 37] , the most plausible explanation for a lack offield efficacy of the oral PRY vaccine is its inability to replicate in the piglets' intestine because of low virus titers (,....., 10 4 -10 5 pfu) and a high degree of attenuation [60] and neutralization of vaccine virus by rotavirus antibodies present in the milk of most sows [7, 13, 14] .
In studies using gnotobiotic piglets as a model for HRV infections, prior infection of piglets with a live attenuated HRV PIA [8] , G I induced only partial protection against challenge with the homologous virulent HRV, whereas complete protection was induced by prior infection with virulent virus [11, [68] [69] [70] . The failure of the attenuated rotavirus to replicate extensively in intestinal epithelial cells, even though it induced seroconversion, correlated with the low intestinal immune responses induced and the limited protection. In contrast, the virulent virus replicated extensively throughout the small intestine, induced villous atrophy, and stimulated significantly greater numbers of intestinal IgA antibody-secreting cells (ASC), which correlated with protection. These findings agree with those of previous investigations of active immunity to virulent PRY [71] or enteric coronavirus [72, 73] infections in swine: Virus-specific IgA ASC prevailed over IgG ASC in the intestinal lamina propria and were associated with induction of protective active immunity. Pigs inoculated oronasally with a live attenuated enteric or respiratory coronavirus developed significantly lower numbers of IgA ASC in the intestine than did pigs inoculated with the corresponding virulent strain of enteric coronavirus [72, 73] . After virulent enteric coronavirus challenge, only pigs previously exposed to the virulent coronavirus were protected against diarrhea: Primary exposure to attenuated enteric or respiratory coronavirus induced only partial protection against virulent virus challenge.
Maternal rotavirus vaccines to induce passive immunity in swine. As in cattle, passive immunization represents an alternative strategy to prevent rotavirus diarrhea in nursing piglets [7, 13, 14] . In swine, as in ruminants, IgG antibodies to rotavirus are predominant in colostrum and decline 8-to 32-fold in the transition to milk; however, unlike the case in ruminants, sIgA is the primary isotype of rotavirus antibody in the milk of swine, humans, and other monogastrics [7, 13, 14] . Previous studies of infections of transmissible gastroenteritis virus (TGEV), an enteric coronavirus, in swine led to the concept of a gut-mammary immunologic axis whereby induction of colostral and milk sIgA antibodies in monogastrics requires primary intestinal antigenic exposure [7, 13, 14] . However, because rotavirus infections are endemic, most sows possess sIgA antibodies to rotavirus in milk due to prior natural enteric infection; hence, optimization of lactogenic immunity requires boosting rather than priming for milk sIgA antibody responses.
There were increased sIgA and IgG antibodies to rotavirus in the milk of sows after natural rotavirus infection of nursing piglets or following parenteral inoculation of pregnant or lactating sows with live attenuated rotaviruses [7, 13, 14] . Both homotypic and heterotypic rotavirus antibody titers were increased, but titers declined by the end of lactation, suggesting that repeated natural rotavirus infection of sows or parenteral boosting may be necessary to maintain high sIgA antibody titers to rotavirus in milk. This observation may account for the higher prevalence of rotavirus infections during the first week of life in pigs born to primiparous gilts (38%) than in those born to multiparous sows (3%) [56, 74] . These studies of lactogenic immunity in swine concur with reports of increased breast milk sIgA antibodies in women endemically exposed to cholera and parenterally boosted with a cholera vaccine [75] , suggesting that parenteral vaccination is effective in boosting lactogenic immunity in naturally infected females.
There are few studies of maternal rotavirus vaccines in swine. Parenteral vaccination of pregnant or lactating sows with P [7] , G5, an experimental live attenuated PRY vaccine analogous to the OSU strain, induced transient increases in sIgA and IgG rotavirus antibodies in milk and partial protection against field challenge, as reflected by a delayed onset and shorter duration of diarrhea and rota virus shedding [7, 13, 14] . Such vaccines, although only partially effective under field conditions, may be useful in decreasing rota virus morbidity and mortality, especially in herds with an early onset of rotavirus disease in neonatal pigs. Both of the federally licensed vaccines mentioned previously are approved for parenteral (killed) or oral and parenteral (live attenuated) administration to pregnant swine; however, few efficacy data from independent field trials of the vaccines have been published, and rotavirus diarrhea continues to be a problem in nursing piglets even in herds using these vaccines (unpublished data).
Maternal rotavirus vaccines for women. In children, the prevalence of rotavirus diarrhea peaks at 6 -24 months of age [5, 6] , but symptomatic infections occur in infants <6 months old in developing countries and regions where sanitation is poor [76] . Therefore, immunization of pregnant or lactating women may be feasible to protect young breast-fed infants, especially in developing countries where breast-feeding is common and of long duration. On the basis of studies in swine [7, 13, 14] and in women orally primed to cholera [75] , oral vaccination of pregnant or lactating women with live attenuated vaccines [77] or parenteral immunization with inactivated or VLP rotavirus vaccines appears likely to boost maternal antibodies to rotavirus in serum and existing sIgA antibodies in mammary secretions [78] . Increasing maternal serum rotavirus antibodies has the additional benefit of providing infants with enhanced levels of transplacentally acquired serum antibodies, which may play a role in addition to milk antibodies in the amelioration of symptomatic rotavirus infections in the neonate [79] .
Recent vaccination trials using one dose of monovalent or tetravalent rhesus rotavirus vaccine in lactating women have demonstrated the safety and efficacy of this approach for boosting milk sIgA antibody titers to rotavirus for at least 4 months postpartum [77] . Although data on the protective effect of breast milk against rotavirus infections in infants conflicts [77] , boosting rotavirus antibody titers in breast milk may enhance passive protection against rotavirus diarrhea at least in the first few months of life.
Correlates ofprotection and strategies for improved rotavirus veterinary vaccines. Investigators studying active immunity to rotavirus and enteric coronavirus infections in pigs have shown that the presence of high numbers of virus-specific IgA ASC in the intestine at challenge correlates with protection [11, 68, [71] [72] [73] . Similarly, in studies of rotavirus infections in mice, protection against a virulent homologous murine rotavirus challenge correlated with the presence of fecal or intestinal IgA antibodies to rotavirus [80] . Unfortunately, in several studies of immunity to enteric viral infections in pigs, the highest numbers of intestinal IgA ASC were induced only after enteric infection with the pathogenic virulent viruses; attenuated viruses induced lower numbers of intestinal IgA ASC and only partial protection [11, 68, [71] [72] [73] . These results and those from studies of mice [81] suggest that the efficacy of immunity induced by live attenuated oral rotavirus vaccines may relate to their degree of intestinal viral replication. Thus, the use of higher doses of oral rotavirus vaccines in combination with microencapsulation procedures to preserve virus integrity and stability during passage through the stomach and intestine and the development of mucosal adjuvants may be needed to improve clinical protection. In addition, there is a dearth of information on the efficacy of oral vaccines for priming followed by parenteral boosting (using inactivated or VLP vaccines) to elicit protective immune responses to rotavirus in neonates. Whether any of the factors discussed can overcome the interference by maternal antibodies of the replication of live oral rotavirus vaccines in pigs and calves remains uncertain and largely untested.
Correlates of passive immunity to enteric viruses, including rotaviruses and enteric coronaviruses, differ because of major differences in the immune systems of ruminants and monogastries [14] and because of the serologic status of the host (endemic vs. epidemic infections). As discussed, colostrum and milk of ruminants contain mainly serum-derived IgG 1 [32] ; thus, im, imm, or sc inoculation of BRV-seropositive cows with live inactivated or VLP rotavirus vaccines significantly boosted BRV antibody titers in serum and, consequently, mammary secretions [12-18, 23, 33-36, 40-42, 45, 46] . Vaccine titer and dose, virus strain, adjuvant, route of vaccine administration, and parity of the darn are all important variables for the design of optimal maternal BRV vaccines [7, [12] [13] [14] [15] [16] [17] [18] [19] 23] .
Vaccine efficacy has been studied in field trials and in unsuckled calves fed colostrum from vaccinated cows and challenged with BRV [7, 12-19, 23, 33-42] . The results suggest that colostrum containing high titers ofNAs, mainly associated with IgG 1, provided effective passive protection in a dosedependent manner [12-19, 23, 33,48] . Of interest, cows vaccinated with an SAll/BRV CLP (VP2 and VP6) vaccine had significantly elevated IgG 1 antibodies to BRV (comparable to IgG 1 antibody titers in colostrum from VLP-vaccinated cows) but not significantly elevated virus NA titers (CLP lack VP4 and VP7) [45, 46] . Only colostrum from the VLP-vaccinated cows (with significantly elevated NA and IgG 1 antibody titers) passively protected calves from BRV diarrhea, although partial passive immunity against BRV diarrhea occurred in calves fed the CLP vaccine colostrum [47] . These data suggest that maternal VLP vaccines are a promising new vaccine approach to induce passive immunity to rotavirus in calves.
In monogastrics, IgA ASC, whose precursors originated from the intestine, mainly secrete sIgA antibodies in milk [13, 14] . Studies ofTGEV infections in pregnant seronegative swine documented that only live virulent TGEV administered orally induced high NA titers associated with sIgA in milk, and the high titers correlated with passive protection against diarrhea in challenged piglets [13, 14] . Thus, live oral vaccines were required to induce sIgA in milk and passive immunity to enteric viruses in seronegative swine.
Studies of naturally infected rotavirus-seropositive sows also documented that mainly sIgA antibodies were present in milk, but titers declined during lactation [13, 14] . However, either oral (natural exposure) or parenteral inoculation of sows with live rotavirus vaccines induced increased sIgA antibody titers in milk and provided at least partial protection against field exposure to rotavirus [13, 14] . Similar observations pertain to humans: Increased sIgA antibodies were observed in the milk of women orally primed to cholera and parenterally boosted with cholera vaccines [75] and in women given live attenuated oral rotavirus vaccines [77] . Thus, high titers ofNAs associated with sIgA in milk appear to be an important correlate of passive immunity in monogastrics [14] .
